Sheet metal forming is a vital manufacturing process used in automobile, aerospace, agriculture and architecture industries. Incremental sheet forming has demonstrated its great potential to form complex three-dimensional parts without using a component specific tooling. This article reports the experimental investigations on the incremental forming of Al 3003 (O) aluminium alloy. The central composite design (CCD) was utilized to plan the experiments and Response Surface Methodology was employed for developing experimental models.
INTRODUCTION
Incremental forming process is an emerging process to manufacture sheet metal parts that is well suited for small batch production or prototyping [1, 2] .The incremental sheet forming process is a localized state of deformation imposed by the CNC controlled motion with a simple tool as proposed by Manco et al [3] .
The major advantage is represented by the possibility to manufacture sheet metal parts difficult to form with traditional processes in a rapid economic way without the expensive dies and long set-up times.In the recent times, many researchers have stated that incremental forming is very reliable solution to produce customized medical products, rapid prototypes for automotive, aerospace industry , miniature shell objects [4] [5] [6] , and the important aspect was that the process allowed a higher formability than conventional forming process. Meelis Pohlak et al [7] studied the variants of incremental forming process namely forming without support and secondly with support. It was found that deformation mechanism with dominance of shear is observed in both cases. Hagan et al [8] conducted experiments by forming conical parts using contour tool paths to predict the peak to valley roughness R t in the forming process and proposed an empirical model. Reddy et al [9] studied the formability criteria and surface finish characteristics of incremental forming process of Al 5052 alloy for the formation of truncated cones and pyramids using Box-Behnken method. It was reported that the formable angle decreased with increase in tool diameter, incremental depth and reduction in sheet thickness Oleksik et al [10] studied the surface quality of medical implants used for the partial resurfacing of the femoral condylar surface of the knee made from Ti-6Al-4V titanium alloy assessing the quality namely the roughness of the punch, punch diameter and the friction coefficient between the punch and the blank. It was inferred that the roughness of the active surface of the punch and the friction conditions between the tool and surface of the blank has a major influence on the quality of the processed surface.
Petek et al [11] studied the influential process parameters on the deformation and forming force. Variation of forming force with wall angle, tool diameter and vertical step sizes of the tool were studied and it was found that the increase in tool diameter and vertical step depth caused larger forces and deformations.
Even though many works have been reported on incremental forming process, there are only very few works reported on incremental forming of Al 3003 (O) and also on optimizing the process parameters. In this study, the experimental investigations on the incremental forming of Al 3003 (O) aluminum alloy were carried out to find the effects of process parameters. The Central Composite Design (CCD) was utilized to plan the experiments and Response Surface Methodology (RSM) was employed for developing experimental models.
Experimental procedure
The Al 3003 (O) alloy material of 200 mm x 200 mm and thickness 1 mm was used for the experiments. The chemical composition of the material are shown in Table 1 . The experiments were carried out on a three axes CNC milling machine with the following specifications : maximum spindle power: 7.5 kW, maximum spindle speed : 8000 rpm, maximum table travel of the machine of 760 mm in the longitudinal direction, 510 mm in the cross travel and 560 mm in the head stock travel. A hemispherical head shaped forming tool of different diameters was used for the study.
The sheet is fixed to a simple milling fixture using clamps on both sides and tightening it with nut and bolts. The sheet metal part is formed in a step wise fashion by a CNC controlled rotating hemispherical tool. The tool indents the sheet, following the contour of the desired part. The next contour is drawn by further indentation of the tool on the sheet metal, till the full part is formed. The incremental forming process is shown in Fig.1 . The formed cylindrical component is shown in Fig.2 .
Fig.2. Incrementally formed cylindrical cup

Table 2 Assignment of levels to the factors
The average thickness of the formed cylindrical Component was measured using a Coordinate Measuring Machine (CMM). The wall angle was measured through digital contour measuring machine. The surface finish was measured through Talysurf surface roughness tester with the following specifications: Standard: JIS94, cut off: 0.8 mm, filter: Gauss sampling length: 0.8 mm and measuring speed: 0.5 mm/s. An average of three measurements was used to characterize the surface roughness for each forming condition. A four factor-three level factorial design comprising of step depth, tool diameter, feed rate and spindle speed was adopted for optimization. The factors and their levels are summarized in Table 2 .The experimental design layout comprising the input process parameters and the output responses like average thickness, wall angle and surface roughness are given in Table 3 Factors Unit Symbol low Medium High
Step depth 
Development of Mathematical Model
The experimental outcomes are based on planning and executing the experimental procedures accurately. In order to achieve optimum results, the experiments are planned on the basis of RSM technique used in experimental design. RSM is an interaction of mathematical and statistical techniques for modeling and optimizing the response variables which incorporates quantitative independent variables.
If all the variables are assumed to be measurable, the response surface can be expressed as y = Ø (x 1 , x 2 , x 3 -----------x n ) +e (1) where y is the desired response, Ø is the response function, x 1 , x 2 , x 3 ------x n are the independent input variables and ε is the fitting error. The second-order polynomial regression model also called a quadratic model is used for describing the behaviour of the system, which is expressed as y= C 0 +ΣC i x i +ΣC ii x i 2 +ΣC ij x i x j ±e (2) where y is the corresponding response, x i is the coded level of n controlling forming parameters, ε is the experimental error and C i , C ii , C ij are the second order regression coefficients. Using the Response Surface Methodology, a mathematical relationship was established between the average thickness and the forming parameters.
The second order response surface representing the average thickness is given by the following relation. 
The developed model was validated, using the analysis of variance (ANOVA) for the average thickness and the results are tabulated in Table 4 . From the analysis, it is inferred that the model obtained is adequate for the prediction of average thickness as seen from the Model F value of 16.18 implying that the model is significant. Among the model terms, the F-value of feed rate is high (40.2350), thus indicating its higher influence on average thickness, when compared to other factors. 
The results of the ANOVA shown in Table 5 indicate the significance of the model terms ∆z, d, f and d*f on the wall angle. Among the factors the significance of step depth is the most predominant with F-value of 537.838 for the response of wall angle, followed by the tool diameter and feed rate. The developed model is more adequate for the prediction of the wall angle, as cold be seen from the model F value of 41.727 implying that the model is significant 
The results of the ANOVA shown in Table 6 indicate the significance of the model terms ∆z, d, S and ∆z*d on the surface roughness. Among the factors, the significance of the tool diameter is the most predominant with F-value of 228.425 for the response of the surface roughness, followed by the step depth and spindle speed. The developed model is more adequate for the prediction of surface roughness, as could be seen from the model Fvalue of 28.524 implying that the model is significant. The desirability based optimization of the RSM was carried out for the multi-response optimization. The scale of the desirability function ranges from d =0 which suggests that the response is completely unacceptable, and d=1, which suggests that the response is exactly of the target value.
The goals set, the lower limits, the upper limits, the weights used and the importance of the factors are shown in Table 7 . The optimization was carried out for a combination of goals. Different best solutions were obtained using the desirability-based approach. The solution with the highest desirability is preferred. The figure 6 shows the histogram of the desirability of the best solution. It gives desirability value for both the factors and responses individually. Table 8 shows the best global solutions for the optimization 
Results and Discussion
The effect of input process parameters on output responses like average thickness, wall angle and surface roughness are presented below.
Effect of process parameters on the average thickness of the formed component
It is inferred from the graph that at a feed rate of 1000 mm/min, spindle speed of 5000 rpm, and step depth of 0.8 mm , the average thickness of 0.444 mm is observed for the 15 mm tool diameter. On varying the diameter of the tool to 5 mm, keeping the other parameters constant the average thickness is 0.486 mm. Hence, an increase in tool diameter reduces the average thickness. The thickness reduction is due to the shearing action of the tool. On increasing the feed rate to 2000 mm/min, and maintaining the other parameters constant, the average thickness is 0.545 mm. Hence, it is inferred that when the feed rate is more, the average thickness will be more due to the chances of overlapping of the tool on the formed surface reduces.
Also, at a feed rate of 1000 mm/min, spindle speed of 2000 rpm and for a step depth of 0.8 mm,the average thickness of 0.63 mm is observed for 5mm diameter tool.. Similarly, at a feed rate of 1000 mm/min, spindle speed of 2000 rpm, and step depth of 0.2 mm average thickness observed is 0.506 mm. Hence, at the minimal step size the average thickness reduces. On increasing the spindle speed to 5000 rpm, maintaining the above parameters, the average thickness reduces to 0.486 mm. Hence increase in spindle speed reduces the average thickness It is inferred from the graph that for a step depth of 0.2 mm, spindle speed of 2000 rpm, tool diameter of 15mm, and feed rate of 1000 mm/min, the wall angle attained is 74.51 0 . On increasing the spindle speed to 5000 rpm, and maintaining the other parameters constant the wall angle attained is 74.8 0 . Hence, a faster spindle speed improves the formability. The formability increase is due to both a localized heating of the sheet and a positive reduction of the friction effects at the tool-sheet interface. The process is characterized by a small localized plastic zone, which is limited to a small area between the tool and the workpiece. The Deformation mode is very close to the plane strain, and is almost pure stretching in the forming area.
For a step depth of 0.20 mm, spindle speed of 5000 rpm, feed rate of 1000 mm/min and tool diameter of 5 mm, the wall angle attained is 77.25 0 . On increasing the tool diameter from 5 mm to 15 mm, the wall angle attained is 74.8 0 . The Wall angle tends to rise with smaller diameter tools. So, there is less tool-work interface, and hence, reduced spring back. On increasing the step depth from 0.2 mm to 0.8 mm, and maintaining the other parameters constant, the wall angle is reduced from 77 0 to 70.36 0 . On decreasing the step depth, the wall angle is increased. When ∆z is less, large number of passes is needed to work at the bottom of the part which keeps the wall portion subjected to a stretching action for a longer time. The strain accumulated at lower step depth is more when compared to higher step depth. Percentage of overlap between consecutive tool paths is more at lower incremental depth and hence more stretching.
Effect of process parameters on Surface roughness of the formed component
It is inferred from the graphs that as the spindle speed increases the roughness decreases. The relative motion between the tool and work piece decreases thereby causing a reduction in the surface roughness. When the speed reaches a certain value, the roughness remains stable. When the speed is low, the surface h as 'scale veins'. With the increasing of speed the scale veins become smaller and smaller, until they disappear and the surface becomes more and more polished.
Moreover, the friction between the tool and work piece is minimized, thereby reducing the amo unt of heat generated. This will also reduce the incidence of spalling due to repeated stress over the same surface. Also, an increase in the step depth increases the surface roughness. As the feed rate increases, the surface roughness decreases. The tool diameter has an impact on the surface roughness. As the tool diameter increases, the surface roughness decreases. It can be attributed to the increase in the overlap between the neighbouring paths, with an increase in the tool diameter at a constant incremental depth.
Confirmation experiment
The empirical models developed for the prediction of average thickness, wall angle and surface roughness have been validated with the experimental results, and verified with the confirmation test. These models were found to agree reasonably well. The confirmation experiments were conducted, in order to validate the experimental results. The confirmation experiments were performed with the process parameters of 0.2 mm step depth, 15 mm tool diameter, 2000 mm/min feed rate and 5000 rpm spindle speed. The plan for the confirmation experiment, the values of responses obtained by the confirmation experiments, and predicted through the optimization approach are given in Table 9 . 
Conclusion
The average thickness, wall angle and surface roughness, during the incremental forming of Aluminium Al 3003 (O) alloy have been analysed and conclusions have been given below.
The average thickness of the cylindrical cup increases with the decrease in the tool diameter, increase in feed rate and increase in step depth. The percentage increase in wall angle on decreasing the feed rate and step depth is 1.06% and 9.79%. The smaller diameter tool increases the formability. Decreasing the tool diameter the percentage increase in wall angle is 4.1%. The tool diameter was found to influence the surface roughness more significantly than the other process parameters, thus indicating the importance of tool diameter control during the forming process The results of ANOVA and the validation experiments confirm that the developed empirical models for the output responses shows an excellent fit, and provide the predicted values of these response factors that are close to the experimental values , at 95% confidence level. The percentage error between the experimental and predicted responses for average thickness, wall angle and surface roughness is 4.73%, 1.55% and 4.4% respectively. The optimized forming condition predicted for average thickness, wall angle and surface roughness are 0.564 mm, 76.13 0 and 2.37 μm for a tool diameter of 15 mm, 0.2 mm step depth, 2000 mm/min feed rate and spindle speed of 5000 rpm.
